The Bad Seed: PDGF Receptors Link Adult Neural Progenitors to Glioma Stem Cells
In this issue of Neuron, Jackson et al. show that adult neural stem cells (B cells) express PDGF receptors. Functional analysis of PDGF signaling in these neural progenitors resonates in provocative ways with an older body of literature on PDGF autocrine loops in malignant glioma and with more recent observations on the bHLH transcription factor Olig2.
Primary cancers of the central nervous system account for less than 2% of all new cases of cancer reported in the United States each year. However, the majority of these cancers are malignant gliomas. High rates of mortality convert these infrequent cancers into the third leading cause of cancer-related death among men 15-54 years of age and the fourth leading cause of death for women 15-34 years of age. How do cancers arise in an organ that is, to a first approximation, mitotically inert? What is the glioma cell of origin? The two leading contenders for this neurological ''bad seed'' are adult glia and adult neural stem cells.
Adult glia were once thought to be the only replication-competent cells in the postnatal brain and thus the only cells capable of malignant transformation. The conceptual problem with mature or committed glia as tumor progenitors is that the transformed cells would have to dedifferentiate to a more stem cell-like state to produce the collection of cell types with astrocytic, neuronal, and oligodendroglial markers seen in authentic human malignant gliomas. This ''retrograde differentiation'' seems counterintuitive; however, data from Kondo and Raff suggest that committed glial progenitors can reacquire stem cell-like properties under some conditions (Kondo and Raff, 2004) . In addition, some of the cellular heterogeneity seen in malignant glioma may reflect the activity of nonmalignant, neural progenitors recruited into the tumor mass (Assanah et al., 2006) .
On a separate front, recent studies have drawn attention to a slowly cycling, but highly tumorigenic, subpopulation of cells in human glioma with stem cell-like properties. These glioma stem cells invite comparisons to the relatively quiescent population of adult neural stem cells (known as B cells) embedded within the SVZ of the lateral ventricles in rat, mouse, and man (see citations in Jackson et al., 2006 in this issue of Neuron). Developmentally stalled B cells, or their progeny, could readily generate the bizarre collection of cell types in malignant glioma, but here too there is a conceptual problem. If human gliomas arise from developmentally deranged progenitor cells in the SVZ, one would predict some clustering around the germinal zones. This clustering is not seen in the human disease. Instead, most malignant gliomas are found within the subcortical white matter. However, one recent study suggests that this anatomical disconnect between theory and real life may be more apparent than real (Zhu et al., 2005) .
Murine models of glioma have not resolved the issue. Mature glia or glia-committed progenitor cells can be targeted in vitro or in vivo for malignant transformation in mice (see Assanah et al., 2006 and additional citations therein); however, adult stem cells can also be targeted for transformation (see Zhu et al., 2005 and additional references therein). Either approach yields tumors that emulate at least some of the histopathological features of malignant glioma in humans. Against this backdrop, Jackson et al. describe a new molecular marker for B cells in the adult SVZ. This marker highlights a connection between B cells and glioma.
The point of departure for Jackson et al. is an unfortunate convergence of history, biology, and semantics. The stem cell-like properties of B cells in the adult SVZ were first described in a seminal study by Doetsch et al. (1999) . In that original paper, the B cells were shown to have an astrocyte-like morphology and express GFAP-a molecular marker also associated with the fibrous astrocytes that populate the white matter of vertebrate brain. For these reasons, the B cells are also described as ''subventricular zone astrocytes.'' This latter term causes some confusion with generalist readers who connect the dots in a logical way and go on to imagine that all astrocytes can function as stem cells. Jackson et al. set out to find additional markers that-singly or combinatorially-could serve as unique identifiers of adult neural progenitors in the SVZ. Enter the PDGF receptor a (PDGFRa).
Jackson et al. show that w80% of the GFAP-positive B cells in the SVZ coimmunostain for PDGFRa-a receptor tyrosine kinase hitherto associated with early oligodendrocyte progenitor cells. A set of clever fate-mapping experiments shows that PDGFRa-positive B cells give rise to both neurons and oligodendrocytes. The neuron/ oligodendrocyte lineage relationship seen with these adult neural progenitors echoes earlier observations on the genesis of neurons and oligodendrocytes from embryonic progenitors in spinal cord and forebrain.
A segue to cancer comes from the gain-of-function phenotype achieved by infusion of PDGF-AA (the specific ligand for PDGFRa) into the lateral ventricles. Exposure to PDGF-AA blocks neurogenesis and leads to formation of atypical hyperplasias that show cellular atypia and pleomorphism associated with low-to intermediate-grade human gliomas. The PDGF-induced hyperplasia draws attention to an older body of literature on PDGF autocrine loops and malignant glioma. There is one additional stem cell/glioma link. Normal markers of cells in the SVZ lineage are not expressed in the PDGF-driven B cell hyperplasias. However, Jackson et al. note that the bHLH transcription factor Olig2-a normally infrequent marker-becomes pervasive. Developmental functions of Olig2 in coupling neuronal and oligodendroglial fate choice decisions have been well characterized (Rowitch, 2004) . However, there is a pathobiological link between Olig2 and brain cancer that is less well understood. Olig2 is expressed in 100% of human gliomas irrespective of grade, but it is not expressed in brain tumors of nonneural origin (Ligon et al., 2004 and additional references therein).
So are B cells in the SVZ the cell of origin for malignant glioma? The new qualities of B cells described by Jackson et al. lend weight to that argument. Their data would account for a broad body of older literature on PDGF autocrine loops in malignant glioma and also be in accordance with more recent observations on the pervasive expression of Olig2. However, the case is not closed. Two loose ends and a third ''follow-up question'' come immediately to mind.
First, the older body of literature on PDGF autocrine loops needs to be revisited in light of our current appreciation that the malignant phenotype of human gliomas may be driven by a relatively small population of Finally, the expression pattern of Olig2 bears closer scrutiny. In the ventral spinal cord of the developing embryos, a critical function of Olig2 is to maintain progenitor cells of the pMN domain in a replication-competent state until adequate pools of motor neuron and oligodendrocyte progenitors have been produced (Lee et al., 2005) . Does Olig2 play a comparable role in PDGF-induced hyperplasia and in glioma stem cells, or is it just a downstream reporter of PDGF signaling?
From the perspective of patients with brain cancer (and the clinicians that treat them), the glioma cell of origin is a pedantic issue that may never be fully resolved. However, there are therapeutic opportunities embedded in future work on PDGF autocrine loops and the functions of Olig2 in glioma stem cells. The people that matter the most do not have the luxury of time to watch this work unfold. The median interval from diagnosis to death for patients with malignant glioma is currently only 14 months. 
Santosh

A Dynamic Spatial Gradient of Hebbian Learning in Dendrites
Backpropagating action potentials (bAPs) are an important signal for associative synaptic plasticity in many neurons, but they often fail to fully invade distal dendrites. In this issue of Neuron, Sjö strö m and Hä usser show that distal propagation failure leads to a spatial gradient of Hebbian plasticity in neocortical pyramidal cells. This gradient can be overcome by cooperative distal synaptic input, leading to fundamentally distinct Hebbian learning rules for distal versus proximal synapses.
Donald Hebb famously proposed that key forms of learning could be explained by the reinforcement of synapses whose firing was temporally associated with spiking of a postsynaptic neuron (Hebb, 1949) . Such associative plasticity is now widely recognized to be implemented by long-term potentiation (LTP) and longterm depression (LTD). At the local synaptic level, LTP and LTD obey Hebbian-like rules: LTP occurs when presynaptic activity coincides with strong local dendritic depolarization, thus generating strong calcium flux through NMDA receptors and voltage-dependent calcium channels. In contrast, presynaptic activity coincident with weak depolarization generates less calcium and LTD. At the neuronal level, however, it remains unclear whether somatic spikes are the critical associative signal for plasticity at all synapses, as a strict reading of Hebb's principle would suggest. This is because dendrites are electrically active structures that filter, propagate, and amplify somatic action potentials in spatially complex ways (Hä usser et al., 2000) . Thus, action potentials would appear unable to drive uniform Hebbian plasticity at all synapses (Golding et al., 2002; Froemke et al., 2005) . Somatic action potentials travel regeneratively back through the dendritic tree as backpropagating action potentials (bAPs) (Hä usser et al., 2000) , which drive associative LTP or LTD when paired at short time delays relative to presynaptic input (Sourdet and Debanne, 1999; Dan and Poo, 2004) . Thus, bAPs have been proposed to provide the local depolarization for associative synaptic plasticity (Johnston et al., 2003) . However, bAPs decrement as they propagate and are greatly attenuated in distal dendrites (Hä usser et al., 2000) . Perhaps as a result, single bAPs are often less able to drive plasticity than trains of bAPs, which produce larger dendritic depolarizations and can even elicit dendritic calcium spikes. Recently, it has been argued that bAPs alone are insufficient for distal synaptic plasticity, and that locally generated dendritic calcium spikes are the actual mediators of plasticity in distal dendrites (Golding et al., 2002; Kampa et al., 2006 ). An alternative view is that boosting of bAP backpropagation by local dendritic depolarization is required for bAP-dependent plasticity in distal dendrites (Johnston et al., 2003) . In this issue of Neuron, Sjö strö m and Hä usser (2006) clarify this issue by showing how the decrementing nature of bAPs impacts associative Hebbian plasticity in distal versus proximal synapses on neocortical layer 5 (L5) pyramidal cells.
L5 pyramidal cells have an extensive dendritic tree, with dense basal dendrites and a long apical dendrite that terminates in an apical tuft in L1. Local L5 inputs terminate primarily on the basal dendrites, L2/3 inputs on both apical and basal dendrites, and long-distance feedback inputs on the tuft. Proximal inputs, including those on basal dendrites, can elicit somatic spikes, which backpropagate effectively through basal dendrites, but decrement sharply in the apical dendrite. The apical tuft is a hot spot for dendritic calcium spikes, which can either be elicited directly by distal synaptic input or by a bAP in conjunction with distal input, in which case it is termed a bAP-activated calcium spike, or BAC (Larkum et al., 1999) . BACs drive stereotyped, high-frequency spike bursts in these neurons. L5 neurons fire both low-frequency spikes and high-frequency, BACdriven bursts in vivo, but how these forms of spiking drive Hebbian plasticity is not well understood.
Sjö strö m and Hä usser studied LTP and LTD at unitary inputs from single L5 and L2/3 neurons onto L5 pyramidal cells. Plasticity was induced by pairing nearly synchronous pre-and postsynaptic spike bursts at 50 Hz, a frequency that elicits bAPs but is subthreshold for BAC firing. This associative pairing was found to elicit LTP at L5 inputs, but no plasticity or LTD at L2/3 inputs. Using EPSP rise time to infer distance of synapses from the cell body, they found that distance from the soma, rather than presynaptic origin, best predicted the sign of plasticity, with LTP occurring for the fastest-rising EPSPs, corresponding to synapses within w200 mm of the cell body, and no plasticity or LTD for synapses further away.
The critical variable determining the sign of plasticity appeared to be the local depolarization produced by the bAP at the synapse. bAPs during 50 Hz spike bursts were strong in proximal dendrites, where LTP occurred,
